ABSTRACT: Here, we discovered that starch could be straightforwardly processed into optically-transparent electroconductive films, by compression molding at a relatively mild temperature (55 °C or 65 °C), much lower than those commonly used in biopolymer melt processing (typically over 150 °C). Such significantly-reduced processing temperature was achieved with the use of an ionic liquid plasticizer, 1-ethyl-3-methylimidazolium acetate reduced the thermal decomposition temperature of starch by 30 °K, while the formulation and processing conditions did not affect the film thermal stability.
2 ABSTRACT: Here, we discovered that starch could be straightforwardly processed into optically-transparent electroconductive films, by compression molding at a relatively mild temperature (55 °C 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 INTRODUCTION Nowadays, bio-or "green" materials from renewable resources are increasingly selected for reasons of environmental sustainability and carbon impact. 1 Biopolymers can be referred to as polymers directly from biomass, a natural, abundant and underutilized source of renewable feedstocks, which principally are cellulose, hemicellulose, chitin, starch, and lignin. Biopolymers are not only widely available and sustainable, but also can be biodegradable and biocompatible, and thus have several economic and environmental advantages. Moreover, the societal recognition and expectation for environmentallyfriendly products create a demand for technically advantageous materials that can replace petroleum-derived plastics.
The application of biopolymers heavily relies on their processability into usable forms.
However, the processing of biopolymers is somewhat challenging due to the strong intermolecular hydrogen bonding in their native forms, 2 and the processing conditions usually depend on the identity of the biopolymer. Traditionally, for the film formation, biopolymers have been mostly processed by solution methods (casting), based on a filmforming solution (more rare, dispersion) where biopolymers are first solubilized into a liquid phase. Organic solvent systems, capable of disruption of hydrogen bonding (e.g., DMF, DMAc), are utilized, which, after casting of the film, are removed (usually by drying at a higher temperature). 3 However, these methods are much less efficient and less suitable for industrial-scale production due to significant use of corrosive solvent systems.
In another method of film casting, ionic liquids (ILs, salts that melt below 100 o C) are used in place of VOCs, to solubilize biopolymers. Thus, we have recently shown that reproducible, strong, and versatile cellulose [4] [5] or chitin films, 6 made from either 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 biopolymer alone or combined with other polymer(s), can be prepared through the dissolution of biopolymer in 1-ethyl-3-methylimidazolium ([C 2 mim][OAc]) ionic liquid (IL) followed by the casting of films and washing out the solvent. Films prepared using this methodology can be prepared with the controlled composition, thickness, surface properties, flexibility, and transparency.
While the melt processing of biopolymers has also been practiced, [7] [8] [9] high processing temperature, high viscosity, and easy thermal decomposition during processing remains to be challenges. 3, [10] [11] With chemical modification, biopolymers can be converted into soluble forms (e.g., cellulose acetate) or derivatives that are more processable (e.g., hydroxypropyl starch). Nevertheless, such conversion not only increases the costs but also modifies the inherent properties of the biopolymers. Besides, for promoting environmental sustainability and reducing carbon impact, people have put more emphasis on material production technologies requiring less energy input.
To this end, plasticizers that are effective in disrupting the native hydrogen-bonding network of biopolymers could provide solutions for the easier and "greener" treatment of biopolymers. Starch, a polysaccharide found in plants such as maize (corn), potato, cassava, wheat, and rice, represents a typical model with a naturally complex structure involving strong intermolecular hydrogen bonding. In the native form of granules (<1 µm~100 µm), starch has a multi-level hierarchical structure, which is based on two major biomacromolecules, amylose (mainly linear) and amylopectin (hyper-branched) (~nm). Nevertheless, between the granule and molecular levels, there are alternating amorphous and semicrystalline shells (growth rings) (100~400 nm), with the latter shell being stacked crystalline and amorphous lamellae (periodicity) (9~10 nm). [12] [13] [14] [15] Therefore, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 it is important to understand how the complex structure of starch can be altered to achieve the desired plasticized forms.
With a plasticizer and elevated temperature, a process known as "gelatinization" (with abundant plasticizer content) or "melting" (with limited plasticizer content) occurs, resulting in a disruption of the 3D structure of native starch. If preferential conditions are reached, this process can lead to a homogeneous amorphous material known as "thermoplastic starch (TPS)" or "plasticized starch," which is essential in the production of some starch-based materials. 3, [10] [11] 16 For the dissolution of starch, in particular, water is the most commonly-used solvent, although the process does not take place at room temperature resulting only in starch swelling, and high temperatures are needed for its complete dissolution; [17] [18] yet, phase separation often occurs. Such phase separation (i.e., heterogeneous conditions) makes aqueous systems to be unfavorable for starch processing. Substances such as polyols (e.g., glycerol, glycol, sorbitol), compounds containing nitrogen (e.g., urea, ammonium derived, amines), and citric acid have been reported to be effective for the plasticization of starch, 3, 10 but not for its dissolution.
Other well-known solvents for starch is dimethyl sulfoxide (DMSO), 19 often with the addition of salts such as calcium chloride (CaCl 2 ), 20 urea/alkali (NaOH) aqueous solution, 21 concentrated mineral and organic acids, 22 ethylene diamine, 23 pyridine, 24 or N,N-dimethylacetamide (DMAc)/lithium chloride (LiCl) system. [25] [26] These solvents are corrosive, toxic, often hydrolyze polymer decreasing its molecular weight (MW), many are unsuitable for biomedical applications, often volatile, and usually difficult to recycle.
A plasticizer for starch should preferably be thermally-stable and non-volatile both during thermal processing and in post-processing stages, be ineffective in enhancing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 starch macromolecular degradation, be non-toxic to humans and the environment, and be able to promote starch-based materials with enhanced performance and new capabilities. 
Film preparation
Two formulations were used for the film preparation (see Table S1 and S2 in Support In the following text, the plasticized starch samples are coded in the format of "IL18-T55-H33", where "IL18" denotes the IL content (0.18) in a mole ratio relative to starch hydroxyls (see SI Table S2 ), "T55" shows the temperature used for compression molding, and "H33" indicates the relative humidity (RH) for conditioning. Sample compositions. The MCs were determined gravimetrically. Namely, the samples were placed in a vacuum oven at 100 °C for 48 h, which allowed the removal of all the moisture. The samples were weighed before and after the oven drying to estimate the MCs. At least three replicates were used for determining the MC of each sample.
Characterization

Scanning electron microscopy (SEM).
The starch samples were cryo-ground in liquid nitrogen. The fractures were put on circular metal stubs previously covered with doublesided adhesive before platinum coating at 5 nm thickness using an Eiko Sputter Coater, under vacuum (7 × 10 −3 bar). The morphology of the starch samples was examined using a scanning electron microscope (SEM, JEOL JSM-6460LA, Tokyo, Japan). An accelerating voltage of 5 kV and a spot size of 6 nm were used. A magnification of 1000×
was used for all the images.
Powder X-ray diffraction (pXRD). The starch film samples (size ca. 2 cm × 2 cm)
were placed in the sample holder of a X-ray powder diffractometer (D8 Advance, Bruker AXS Inc., Madison, WI, USA) equipped with a graphite monochromator, a copper target, and a scintillation counter detector. pXRD patterns were recorded for an angular range where A ci is the area under each crystalline peak with index i, and A t is the total area (both amorphous background and crystalline peaks) under the diffractogram.
The V-type crystallinity (single-helical amylose structure) was quantitatively estimated based on the total crystalline peak areas at 7.5°, 13°, and 20° following the method provided in reference. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 172 µm). The scatterBrain software was used to acquire the one-dimensional (1D) data from the 2D scattering pattern; and the data in the angular range of 0.0015 < q < 0.15 Å −1 was used as the SAXS pattern, in which q = 4πsinθ/λ (where 2θ is the scattering angle and λ is the wavelength of the X-ray source). [60] [61] All data were background subtracted and normalized. The starch-based films were placed on a multi-well stage provided by the Australian Synchrotron, and then the SAXS data recorded for an acquisition time of 1 s.
For the SAXS patterns, the inflection data centered at around 0.007 Å −1 were fitted using a unified model Eq. (2):
In this equation, G is the pre-factor of the Guinier function corresponding to a radius R g ;
and C and α are the pre-factor and the exponent of the power-law function, respectively.
Tensile testing. Tensile tests were performed with an Instron ® 5543 universal testing machine (Instron Pty Ltd, Bayswater, Vic., Australia) with a 500N load cell on dumbbellshaped specimens cut from the sheets with a constant deformation rate of 10 mm/min at room temperature. The specimens corresponded to Type 4 of the Australian Standard AS 1683:11 (ISO 37:1994) , and the testing section of each specimen was 12 mm in length and 2 mm in width. Young's modulus (E), tensile strength (σ t ), and elongation at break (ε b ) were determined by the Instron ® software, from at least 7 specimens for each of the plasticized starch samples. 
where l (cm) is the film thickness, A (cm 2 ) the film area, and R (Ω) the film resistance. SI Table   S1 and S2 for the original formulations for sample preparation). These phenomena could be ascribed to the strong hydrophilicity of [C 2 mim][OAc], which had a stronger affinity to water than to starch hydroxyls, and played the major role in the moisture absorption of the films from the environment. 63 As the electrical conductivity of starch- With a higher processing temperature (IL18-T65-H33/75 and IL21-T65-H33/75), these remaining granules became much less apparent, and the surface morphologies became more homogeneous and smooth. These results suggested that at a higher temperature, the aqueous IL was more effective in the disruption of the native starch structure and the disentanglement of starch molecules. Nonetheless, the two starch contents used did not result in any significant difference in morphology. Crystalline structure
RESULTS AND DISCUSSION
Sample compositions
Powder X-ray diffraction (pXRD) provides an elucidation of the long-range molecular order in the polymer. There are three polymorphic crystalline structures of starch, termed A, B or V-type, and the types of crystallinity can be unambiguously distinguished by inspecting the characteristic X-ray diffraction patterns. 14, 67 This is important as each type of the starch crystalline structures interacts differently with water molecules. Normally, in the crystalline structure of native starch, A-type and B-type polymorphs are found; both are left-handed, six-fold structures. However, the A-type polymorph is arranged as H- Here as many as thirty-six water molecules are located in the unit cell between the six double helices, 68 creating a "column" of water surrounded by the hexagonal network.
Finally, V-type polymorph is arranged into a single, left-handed helix, where the hydroxyl groups of the glucose units all lie nearly in the plane of the ring, resulting in a larger hydrophobic central cavity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with a few weak peaks at 2θ of about 26°, 30°, and 33°. 55, 69 For the plasticized samples, the doublet at 2θ of 17° and 18° disappeared, suggesting a complete loss of the A-type pattern. Besides, the plasticized samples displayed the weak V H -type pattern as shown by sharp peaks at 2θ of 7°, 13°, and 20°, 59 and the modest B-type pattern as indicated by strong reflections at 2θ of 5°, 17°, 22° and 24°. 55, 69 The V H -type crystalline structure is commonly observed in processed starch, which is caused by the rapid recrystallization of single-helical structures of amylose during cooling after processing. 59 While the plasticized RMS had both (newly-formed) V H -type and B-type crystalline structures, the crystallinity was low as indicated by the reduced XRD intensities. In particular, IL21- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 starch hydroxyls could dominate, and thus the interactions between starch molecules were inhibited. (R 995/1022 ) can be used to study the recrystallization of starch-based materials. 70 Figure 3 shows the ATR-FTIR spectra for the native starch and starch- Table 3 ). IL18-T55-H33  IL18-T55-H75  IL18-T65-H33  IL18-T65-H75  IL21-T55-H33  IL21-T55-H75  IL21-T65-H33  IL21-T65- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 facilitated the disruption of starch semi-crystalline lamellae, from which the out-phasing of starch molecules was enhanced. These starch molecules aggregated into not only the aggregates with increased R g but also new starch aggregates of a smaller size (R g : ca.
Nano-structural features
10 nm). At a higher RH, the inflection at ca. 0.04 Å −1 became more apparent, indicating the stronger feature of starch aggregates, presumably due to the increased content of amorphous starch (indicated by the XRD results). For IL21-T65-H33/75, no lamellar peak was observed as that for the native starch.
Instead, at that q range, a "shoulder" peak appeared at ca. 0.06 Å −1
. This shoulder indicated a molecular organization (both amorphous and ordered starch) on the nanoscale. 73 In other words, a concomitant reduction in starch content and an increase in Figure 5 shows the tensile properties of different starch-based films, tensile strength (σ t ), Young's modulus (E), and elongation at break (ε b ). All three factors, composition, temperature and relative humidity affected the mechanical properties. Generally, a larger amount of starch resulted in higher tensile strength of the films, i.e., tensile for IL18 was greater than for IL21 films. Contrarily, but expectedly, elongation at break (also known as fracture strain) that represents the capability of a material to resist changes of shape without crack formation was greater with a higher amount of plasticizer ([C 2 mim][OAc]-water). The composition affected Young's modulus to somewhat greater extent than it did for tensile and elongation at break, thus films with greater starch content a great increase in Young's modulus. Relative humidity had a larger effect on tensile strength and elongation at break than on Young's modulus, which was independent of humidity but affected by the amount of polymer in films. Both tensile strength and elongation were greater at a lower humidity. Finally, the samples processed at a higher temperature had greater tensile strength and elongation; again humidity was much stronger dependent on composition than on processing and conditioning conditions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26
Mechanical properties
Except for IL18-T55-H75 (whose crystallinity X c was determined to be 6.23 %), the rest of the films follows the clearly pronounced trend: the higher crystallinity, the higher 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Thermal stability Figure 6 shows the TGA results for the pure IL, the native starch, and different starch- 79 Also, starting from about 75 °C, there was a slight weight loss immediately before the decomposition, which might be ascribed to the evaporation of impurities present in the starting materials (< 5%, mainly acetic acid, methylimidazole, and water). IL18-T55-H33  IL18-T55-H75  IL18-T65-H33  IL18-T65-H75  IL21-T55-H33  IL21-T55-H75  IL21-T65-H33  IL21-T65- T55-H33  IL18-T55-H75  IL18-T65-H33  IL18-T65-H75  IL21-T55-H33  IL21-T55-H75  IL21-T65-H33 IL21-T65-H75 Moreover, the structure and properties of the resultant films could be tailored by starch content, compression molding temperature, and/or RH used for the sample postprocessing conditioning.
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